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Abstract
Surface potential measurement provides a useful tool to gauge the electrical properties of
materials. It has been observed that the potential of a sample with an initial high surface
potential decays faster than that with an initial lower surface potential, known as the cross-over
phenomenon. The phenomenon was found a few decades ago and various theories and models
have been proposed. A common feature of the existing models is based on single charge
carrier injection from a corona-charged surface. With our recent space charge measurement
results on corona-charged samples, double injection from both electrodes has been veriﬁed.
Based on this new fact, a new model based on bipolar charge injection is proposed and initial
numerical simulation reveals that the surface potential cross-over phenomenon can occur
under bipolar charge injection.
(Some ﬁgures in this article are in colour only in the electronic version)
1. Introduction
Over the years, considerable interest has been shown in the
surfacepotentialdecayofcorona-chargedpolymericmaterials.
In its most basic form, a surface potential experiment involves
charging the surface of an insulating material to a voltage V0.
Thechargingismostconvenientlyachievedbyacoronadevice
which can deposit charges of positive or negative polarity onto
the surface of the material. Following the charging process,
the time dependence of the surface potential V(t) can be
monitored via an electrostatic voltmeter. The measurement
of the potential decay has been proven to be a simple and
useful technique for characterizing insulating materials and
the charging method. For example, this method enables a
convenient determination of charge carrier mobility and trap
parameters. One of the well-known effects in the observation
of surface potential decay is the cross-over phenomenon [1],
i.e.initiallythesurfacepotentialofasamplechargedtoahigh-
potential decays more rapidly than one charged to a lower
potential. Most of the theories addressed the time evolution of
thesurfacepotentialintermsofsurfaceconduction[2], charge
injection [3–5] and polarization [6]. The recent literature on
potentialdecaymeasurementisdominatedbythehypothesisof
injection into the bulk of the charge deposited on the surface
accompanied by slow polarization processes within the bulk
undertheinﬂuenceofthedepositedcharge. Clearly,athorough
understanding of the detailed physical process of the kinetics
of surface potential decay is required.
With the recent progress in space charge measurement
techniques, it is possible to observe charge evolution within
thebulkofthecorona-chargedinsulatingmaterial. Ourpapers
[7,8] demonstrated that bipolar charge injection has taken
place in the low density polyethylene (LDPE) samples during
and after corona charging using the pulsed electroacoustic
technique (PEA). In the light of this new experimental
evidence, we propose a new model which incorporates charge
injectionfromthetopandbottomsurfacesandﬁeld-dependent
mobility.
2. Surface potential decay
A typical corona charging experimental setup is shown in
ﬁgure 1. The surface potential of the sample will be the same
as the grid voltage providing the potential difference between
theneedleandthegridissufﬁcientlyhighthattheelectricﬁeld
aroundtheneedleisgreaterthanthebreakdownstrengthofair.
Oncethecoronachargingstops,thesurfacepotentialstarts
to decay. The decay takes various forms depending on the
corona charging conditions such as the grid voltage, charging
time and sample thickness. Figure 2 shows a typical potential
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Figure 1. Schematic diagram of the corona-charging setup.
Figure 2. Potential decay for a 50µm LDPE sample for different
corona voltages.
decay observed in LDPE polymeric materials when the grid
voltage is changed. The charging time was 2min for all the
samples. Negative surface potential was obtained, however,
for easy graphing, the absolute surface potential is used in this
paper.
It has been observed that the potential of sample with
initial high surface potential decays faster than that with initial
lower surface potential, known as the cross-over phenomenon
[1]. It can be seen that the cross-over point moves towards
shorter times with an increase in charging voltage. Although
thephenomenonwasfoundafewdecadesagoandmanyefforts
have been made to investigate the mechanisms, a satisfactory
explanation has not been found so far.
It has also been noted that charging time also has a
signiﬁcant inﬂuence on the surface potential decay when the
grid voltage is kept constant. Figure 3 illustrates a typical
surface potential decay showing the inﬂuence of the charging
time.
It can be seen that the surface potential of the sample with
a longer charging time has a fast rate of decay compared with
that of the sample with a shorter charging time.
3. The existing models
The surface potential decay and the cross-over phenomenon
have been observed in various polymers [9,10] and several
models and theories have been proposed. Batra et al
[11–13] assumed ﬁeld-dependent mobilities and negligible
penetration depth of the surface charge but neglected the
Figure 3. Surface charge decay in a 50µm LDPE sample corona
charged at 4kV.
effect of partial instantaneous injection and trapping. Wintle,
in his papers [14–16], developed theories that include ﬁeld-
dependent mobilities of various forms as well as trapping
but none of them explained the cross-over effect. Wintle
also made an assumption that the depth of penetration of
the initial charge is ﬁeld independent. Batra proved that
Wintle’s theories also cannot account for the cross-over [17].
Later, Sonnonstine and Perlman came out with two distinct
theories in their work [10]. The ﬁrst is the modiﬁcation of
Batra’s theory to include both instantaneous partial injection
and ﬁeld-dependent mobility. The second theory assumes
time-dependent detrapping of charge carriers at the corona-
chargedsurface. Althoughtheapproximateformsofthedecay
curves were theoretically predicted in the paper, they were not
satisfactory as the charging conditions were neglected.
Baumetal[18,19]wereabletodemonstratethatthecross-
over phenomenon depended upon the sign and the duration of
the corona charging process. In their papers, it was shown
that the cross-over phenomenon did not occur for positive
corona voltage, which apparently contradicts the ﬁndings of
Ieda et al [1,20]. They suggested that the excited molecules
and photons generated in the corona-discharge process caused
the charge which originally deposited in the deep surface to be
injectedintothebulkwhereitbecomesmobile,thusincreasing
thedecayrateofthesurfacepotentialespeciallyforhighinitial
potential. They were also able to prove that cross-over is
charging-time dependent by demonstrating that no cross-over
appearedforchargingtimesoflessthan∼25ms. Theproposal
of Baum and co-workers was then supported by the work of
Kao et al [21] who revealed a deep surface trap distribution
centredat95 ◦Candashallowsurfacebulkdistributioncentred
at 55 ◦C on negatively corona-charged LDPE by using the
thermally stimulated discharge technique. Using the same
technique,theywereabletoshowthatthetrappedchargeinthe
shallowsurfacecanbereleasedbyexcitingmoleculesfromthe
corona discharge. In 1980, Toomer and Lewis [22] introduced
the existence of both deep and shallow surface traps in the
sample. They also showed that negative charges penetrate
more readily into the bulk and the bulk traps exist for both
sign of carriers.
Inadditiontovariousassumptionswhichwerenotevident,
one of the common features in the models proposed so far is
that all the models are based on single charge carrier injection.
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Figure 4. Space charge distribution in a 50µm sample corona charged at −2kV for (a) 2min and (b) 10min.
Our new experimental evidence has shown this is not always
the case especially where the cross-over is concerned. Bipolar
charge injection has been veriﬁed by the measurement of
space charge in the corona-charged sample as shown in the
sectionbelow. Thisnewﬁndingchallengestheexistingsurface
potentialdecaymodelswhichweredevelopedbasedonasingle
charge carrier injection.
4. New evidence
In the last two decades, signiﬁcant progress has been made in
developingtechniquestomapspacechargeinsoliddielectrics.
The PEA is one of the methods widely used. The author is one
of the few people who used the technique to measure space
charge in corona-charged polymeric materials [7]. It has been
conﬁrmedwithoutanydoubtthatbipolarchargeinjectiontakes
place during charging. For a typical sample, the presence of
bulk space charge in the PEA results is observed through the
chargeproﬁleorpeakbetweenthetwoelectrodechargepeaks.
However, for a thin sample bulk charge proﬁle or peak may
overlapwiththetwoelectrodechargepeaks; consequently, the
presence of the bulk charge can be identiﬁed by the changes in
the two electrode charge peaks, i.e. broadening or narrowing
depending on the polarity of the bulk charge.
Figure 4 shows the space charge measurement in a −2kV
corona-chargedLDPEﬁlm. Tominimizethedisturbancetothe
deposited charge, the top and bottom surfaces of the samples
were protected by an extra layer of 50µm LDPE ﬁlm. There
arefourdistinctivechargepeakspresentacrossthesamplefrom
lefttoright. Theﬁrstandthefourthpeaksareknownasinduced
chargepeaksonthePEAelectrodes. Thepresenceoftheother
two peaks is due to the existence of charge in the sample. The
second peak corresponds to the bottom surface of the 50µm
corona-charged ﬁlm and the third peak to the top surface. The
third negative peak is expected as the sample was exposed
to negative corona. The ﬁrst space charge measurement was
performed 2min after the sample completed corona charging
as the sample had to be transferred to the PEA setup. The bulk
charge is not evident when a short charging time is adopted.
However, the bulk charge is clearly seen when the charging
time is extended to 10min as shown in ﬁgure 4(b). It can also
beseenthatasmallamountofnegativechargeispresentacross
the sample. This may serve as evidence that charge injection
from the top has taken place.
Figure 4 also shows that the charge decay rate is different
for different charging times. Charge decay is more rapid when
a longer charging time is adopted. As the amount of charge in
the sample is closely related to the surface potential measured,
thisobservationisconsistentwiththeresultsshowninﬁgure3.
When the corona charging voltage increases, charge
injection becomes more obvious as shown in ﬁgure 5 where
a −8kV grid voltage was applied. Compared with ﬁgure 4
where a lower corona charging voltage was used, the second
and third peaks (corresponding to the bottom and top surfaces
of the sample) in the PEA measurement become broader
towards the bulk of the sample, indicating the presence of
bulk charge. These bulk charges can only be injected into
the sample from the corresponding surface. It is clear that
both positive and negative charges are present in the bulk
of the sample. When the charging time is extended to
10min signiﬁcant positive charge injection can be observed,
as shown in ﬁgure 5(b). It is worth noting that the scale for
charge density reﬂects rapid decay of charge within the ﬁrst
2min. The charge decay rate increases signiﬁcantly compared
with the sample charged at 2kV. This result is in agreement
with the cross-over phenomenon observed in ﬁgure 2. The
samplearrangementforthePEAmeasurementdiffersfromthat
in the surface potential measurement. The two added layers
and induced charge on the electrodes may affect the charge
movement and therefore, the charge decay rate. Nevertheless,
our early work on comparison between the surface potential
obtainedthrougheitherthePEAmeasurementordirectsurface
potential measurement indicating little difference, suggested
theaddedtwolayershaveinsigniﬁcantinﬂuenceonthecharge
transport.
Tofurtherverifytheoccurrenceofbipolarchargeinjection
in the corona-charged sample, two layers of 50µm ﬁlms were
corona charged for 2min with a grid voltage of −8kV. The
interfaceofLDPEisknowntobeabletotrapbothpositiveand
negative charges due to surface states. The injected positive
and negative charges can be captured by the interface during
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Figure 5. Space charge distribution in a 50µm sample corona charged at −8kV for (a) 2min and (b) 10min.
Figure 6. Space charge distribution for different layers of
corona-charged sample (−8kV and 2min).
the transport process. To observe these trapped charges, space
charge measurements were performed on the two-layered
corona-charged sample ﬁrst and then on both the top and the
bottom layers separately. The results are shown in ﬁgure 6,
where two 50µm LDPE ﬁlms were attached to both sides of
each layer. From these distributions it is evident that negative
charge is present at the top surface of the bottom layer (bottom
layer curve or pink curve) and positive charge at the bottom
surface of the top layer (top layer curve or green curve). The
amount of negative charge is greater than that of positive
charge,sooverallitshowsanegativechargepeak(2layercurve
or blue curve). The revelation of both positive and negative
chargesattheinterfacebetweenthetopandthebottomlayeris
a clear indication of bipolar charge injection. In this instance,
positivechargetendstomoveupwardsandthereforeistrapped
at the bottom surface of the top layer. Similarly, negative
charge is trapped at the top surface of the bottom layer.
5. New model and preliminary simulation result
Recently, the bipolar charge injection model has been
used extensively to simulate charge transport, trapping and
recombination under dc voltage. The simulation results show
Figure 7. Schematic diagram of surface charge and space charge
distribution immediately after corona charging.
a good match with experimental results. Considering the
new evidence of bipolar charge injection during the corona
charging, we reckon the model can be applied to explain
the surface potential decay with some modiﬁcations. The
newmodiﬁedmodeltakesbipolarinjectionintoconsideration.
Additionally, a tunnelling process has been proposed to
account for charge injection from the top surface while the
conventional Schottky injection is used for the bottom surface.
Based on the space charge measurement from the PEA,
the initial charge distribution immediately after the corona
charging in a sample can be illustrated in ﬁgure 7.
Here V0 is the grid voltage. σ1(t0), ρ(x, t0) and σ2(t0) are
surface charge on the top surface, space charge in the sample
and induced charge on the metal electrode, respectively. The
initial values will depend on the grid voltage and charging
time. They all change with time leading to a change in surface
potential V(t).
The principle of all space charge models lies in the
description of the charge conduction and electrical transport
mechanism across the material. The Alison–Hill [23] model
aims to effectively describe the bipolar transport and space
chargephenomenainsoliddielectricsunderhighdcstress. The
bipolartransportisdescribedasaconductionprocessgoverned
by an effective mobility. This feature distinguishes the model
from the others. In effect, charge carriers are injected from
the electrodes, electrons from the cathode and holes from the
anode. InjectionoccursbasedontheSchottkymechanism[24]
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Figure 8. Schematic representation of the conduction and trapping
model. Si are recombination coefﬁcients, and neµ, net, nht, nhµ are
mobile and trapped electron and hole densities. Be and Bh are
electron and hole trapping coefﬁcients.
whereby overcoming a potential barrier W at the interfaces:
Js = AT 2 exp

−
W −

e3E/4πεrε0
kT

, (1)
whereAisaconstantrelatedtothematerial,T thetemperature,
k the Boltzmann constant, e the electron charge, E the electric
ﬁeld at the interface, εr the relative permittivity of the material
and ε0 the permittivity of vacuum.
It can be seen that the potential barrier is lowered because
of the application of the electric ﬁeld. This will lead to an
increase in the injected current.
After penetrating into the material, the carriers, under the
inﬂuence of the applied ﬁeld, will drift across the material
characterized by an effective mobility. Throughout its motion,
some carriers are trapped in the localized states, i.e. deep trap
centresandthereforethetotalamountofchargesmovingacross
reduces. However, no extraction barrier is introduced in the
modelbut, ontheotherhand, theyarepronetorecombinewith
their opposite species (electrons with holes).
Due to the fact that oppositely charged species, electrons
and holes are being considered in the numerical computation,
charge trapping and mutual annihilation or recombination
between these species were introduced into the model. The
model now contains four species of charge particles, namely,
mobile electrons (eµ) and holes (hµ), and immobile electrons
(et) and holes (ht) (at trap sites) as shown in ﬁgure 8.
Charge transportation in solid dielectrics is essentially
governed by a set of basic equations. They describe the
behaviour of charge carriers in the system through a time and
space dependent total ﬂux j(x,t)and by neglecting diffusion
[23]:
Transport equation:
jC(x,t) = µn(x,t)E(x,t), (2)
Continuity equation:
∂n(x,t)
∂t
+
∂j(x,t)
∂x
= s, (3)
Poisson’s equation:
∂E(x,t)
∂x
=
ρ(x,t)
ε
, (4)
where µ is the mobility of carriers, n the density of mobile
species, E the electric ﬁeld, j the current density, x the spatial
coordinate, t the time, s the source term, ε the dielectric
permittivity and ρ the net charge density.
The above model has been widely used for simulation
of space charge build up and dynamics, and achieved a
satisfactory match when the parameters were appropriately
selected [25]. It has also been used to model transient current
and anomalous discharge current successfully [26].
For a corona-charged sample, once charges are injected
into the bulk, the rest description of charge trapping,
detrapping,recombinationandtransportcanbereadilyapplied
using the existing bipolar model.
It has been well accepted that the mobility of charge
carriersisafunctionoftheelectricﬁeld. Infact,severalmodels
have attempted to use ﬁeld-dependent mobility to account
for the cross-over phenomenon without success. The ﬁeld-
dependent mobility can also be easily implemented in the
proposed model. A power law proposed by Wintle [16] has
been given as
µ = cEn−1 n  1, (5)
wherec isaconstantandnisaﬁxedcomponent. Bothofthem
are material dependent.
The charge transport in the bulk of the sample is
determined by the electric ﬁeld. The electric ﬁeld in the
sample at any time consists of contributions from the three
components, i.e. space charge ρ(x, t), surface charge density
at the top σ1(t) and the induced surface charge density at the
bottom electrode σ2(t). Let us assume the ﬁeld components
are represented by Eρ(t), Eσ1(t) and Eσ2(t), respectively.
The surface potential across the sample can be calculated by
integrating the total electric ﬁeld:
V0(t) =
 d
0
[Eρ (t) + Eσ1(t) + Eσ2(t)]dx. (6)
In addition, the total charge in the system at any time must be
in balance, i.e.
σ1(t)S + σ2(t)S +
 d
0
ρ(x,t)Sdx = 0, (7)
where S is the surface area where charges are present.
Clearly, σ1(t), σ2(t) and ρ(x, t) are not independent
quantities. Based on the modiﬁed model, it is possible to
calculate ρ(x, t)during the corona charging until a predeﬁned
chargingtimet = t0. ThequantitiesV0(t0)andρ(x, t0)arethe
initial condition for surface potential decay. This allows one
to determine σ1(t0) and σ2(t0) using the above two equations.
Once these initial four quantities are determined, one can
calculatenewspacechargedistributionρ(x,t0 +  t)basedon
the proposed model and the two surface density σ1(t0 +  t)
and σ2(t0 +  t) using the Fowler–Nordheim (FN) tunnelling
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Figure 9. Initial simulation showing cross-over phenomenon in
surface potential decay (power-law mobility: µ = 4.5 × 10−16En−1,
n = 1.15).
andSchottkyinjection, respectively. Inaddition, asthesystem
isanopencircuit,theinjectedchargemustsatisfythefollowing
condition:
Maxwell’s equation for the total current:
J(t)= jC(x,t) + ε
∂E(x,t)
∂t
= 0. (8)
The surface potential at time t = t0 +  t can ﬁnally be
computed using equation (6). Repeating the above process,
the relationship between the surface potential and time can be
calculated.
Our initial simulation work shows it is possible to
achievesurfacepotentialcross-overprovidedtheinitialsurface
potential and space charge distribution are set right as shown
in ﬁgure 9. In this simulation the parameters are similar
to those used in [25]. The only difference here is that the
mobility equation (5) has been utilized in this study instead of
a constant mobility. Additionally, the phenomenon presented
inﬁgure3isreadilyexplainedbythemodiﬁedmodelasalong
charging time will result in more charge injection and less
surface charge densities for both top and bottom. The charge
distribution favours the charge recombination and therefore
a rapid surface potential decay. In the present simulation,
Schottkyinjectionshavebeenusedforbothsurfaces. Schottky
injection typically describes the injection from metal to
semiconductor or insulator, so the FN tunnelling may be more
appropriate for the corona-charged surface. More simulation
is under way where the FN tunnelling will be investigated and
it is important to point out that the present model allows one
to extract much more material information.
6. Conclusions
Basedonthenewexperimentalevidencefromthespacecharge
measurements on the corona-charged LDPE ﬁlm, a modiﬁed
bipolar charge injection model has been proposed to account
forsurfacechargedecay. Thenewmodelcantakecareofﬁeld-
dependent carrier mobility and readily explains the surface
potential cross-over phenomenon and surface potential decay
with different charging times.
More simulations based on the proposed model will
be carried out and the results will be compared with the
experiments.
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